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Abstract
We use a molecular dynamics method to generate a high degree of random frozen disorder of a vortex lattice in a type-
II superconductor. By calculating the magnetic ﬁeld distribution, we show that such strong deviation from a perfect
vortex lattice has a profound inﬂuence on the measured transverse-ﬁeld (TF) μSR line shape of a real superconductor.
The results have implications for measurements of the magnetic penetration depth λ in the bulk of high-temperature
iron-arsenic superconductors.
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1. Introduction
TF-μSR measurements have been successfully used to determine the temperature dependence of the
(effective) magnetic penetration depth λ in various type-II superconductors for the purpose of gaining insight
on the pairing symmetry of the superconducting state [1, 2]. The dominant contribution to the TF-μSR
signal is the inhomogeneous magnetic ﬁeld distribution n(B) of the vortex lattice, partially parameterized
by λ. The accuracy of such measurements depends on the uniformity of the vortex lattice in the sample.
This is particularly limiting in measurements on unoriented polycrystalline samples, where because n(B) is
nearly symmetric, the line broadening effects of λ and disorder cannot be easily isolated. The task is less
formidable for single crystals, where the contribution of the vortex lattice to n(B) is highly asymmetric. For
single crystals, random frozen disorder is generally accounted for in the modeling procedure by convoluting
n(B) of a perfect vortex lattice with a Gaussian distribution of internal ﬁelds [3]. While this is a reasonable
approximation for the case of weak random pinning of vortex lines, it is not expected to be valid when there
is a high degree of disorder.
Thus far TF-μSR has been applied to doped iron-arsenic superconductors under the assumption that
one is probing a highly ordered hexagonal vortex lattice [4, 5, 6]. Yet small-angle neutron scattering
(SANS), magnetic force microscopy (MFM) and Bitter decoration experiments on the KFeAs(O1−xFx),
A1−xBxFe2As2 and AFe2−xCoxAs2 compounds show only highly disordered vortex lattices indicative of
strong vortex pinning [7, 8, 9, 10, 11, 12, 13]. In addition to further line broadening, for single crystals
such strong disorder smears out the high-ﬁeld cutoff of the TF-μSR line shape. For example, although
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TF-μSR measurements of single crystal BaFe2−xCoxAs2 exhibit asymmetric line shapes seemingly indica-
tive of a well-ordered vortex lattice, ﬁts to such data are insensitive to the high-ﬁeld cutoff [14, 15, 16].
We note that in BaFe2−xCoxAs2 this is partly due to electronic moments under the inﬂuence of the applied
ﬁeld [16], but strong disorder is apparently generic to all doped iron-arsenic compounds. It has been previ-
ously demonstrated that sensitivity to the high-ﬁeld cutoff is essential for an accurate determination of λ [2].
Consequently, it is essential that the sources of smearing of the high-ﬁeld tail be properly accounted for.
Here we divulge details on the molecular dynamics method used to simulate the highly disordered frozen
vortex lattice of overdoped BaFe2−xCoxAs2 presented in Ref. [16]. In particular, molecular dynamics it-
erations were performed until a radial distribution function (RDF) similar to that observed in overdoped
BaFe2−xCoxAs2 [11] was achieved. The resultant vortex conﬁguration with the corresponding level of dis-
order was then used to calculate the magnetic ﬁeld distribution n(B), and subsequently compared to the
standard method of convoluting n(B) of the ideal lattice with a Gaussian distribution of ﬁelds.
2. Method and Results
To simulate vortex lattices bearing the degree of disorder observed in imaging and diffraction exper-
iments on BaFe2−xCoxAs2 at H ≤ 0.5 T, we used a molecular dynamics method based on the procedure
developed in Ref. [17]. In the framework of Ginzburg Landau (GL) theory, the interaction energy between
vortices at positions ri and r j is
i j=
Φ20
8π2λ2
K0
( ri j
λ
)
, (1)
where ri j is the distance between the vortices and K0 is a zeroth-order Hankel function of imaginary argu-
ment [18]. At H = 0.5 T the intervortex spacing in an ideal hexagonal lattice is ∼ 690 Å. On the other
hand, the GL coherence length ξ estimated from the upper critical ﬁeld Hc2 is ∼26 Å in BaFe1.84Co0.16As2
[19]. Hence the core region accounts for ∼ 1% of the sample volume, in which case the Hankel function
K0(ri j/λ) in Eq. (1) can be simply approximated by the two limiting forms
√
πλ/2r exp(−r/λ) at r→∞, and
ln(λ/r) + 0.12 for ξr λ.
In the simulation, each vortex is considered as a point particle, with its position being the center of the
vortex core. Initially, N vortices are sitting randomly within a circular region of radius R λ. The force
experienced by a vortex at position r is given by
F(r, t) = −∇[U1(r, t) + U2(r, t)] + Frand(r, t) , (2)
where U1 is the potential energy due to interactions with all other vortices at positions r < R, U2 is the
potential energy due to the interaction with an analogous distribution of vortices beyond r=R, and Frand is a
random force used to control the degree of disorder. At each step of the molecular dynamics calculation, the
direction and magnitude of Frand are random with Frand sampled from a symmetric probability distribution
centered about Frand = 0. The degree of disorder is dependent on the magnitude of the standard deviation
of Frand. The masses of the vortices are normalized to unity. The equation of motion is then solved by
the molecular dynamics method. Because solid boundary conditions are implemented (i.e. the vortices
are conﬁned to positions r ≤ R), at the end of the simulation the spatial region close to r = R is more
densely populated with vortices. To circumvent this problem, a narrow region near r=R is removed prior to
generating n(B). As shown in Fig. 1(a) and Fig. 1(b), there is a uniform density of vortices in the remaining
inner region.
Figure 1(c) shows the RDF of two simulated highly disordered vortex lattices. The RDF reﬂects devia-
tions of the vortices from their ideal positions in the lattice as a function of radial distance from a particular
vortex [20]. The form of the magnetic ﬁeld proﬁle B(r) of an individual vortex was chosen such that n(B)
of a perfectly ordered hexagonal vortex lattice resembles that generated by an analytical GL model [21].
To calculate n(B) a small region about the center of the simulated vortex lattice was chosen for sampling.
For the disordered lattice, the local ﬁeld B at randomly chosen sites was calculated by summing up the
individual ﬁeld proﬁles of all vortices. The n(B) corresponding to the vortex arrangements in Fig. 1(a) and
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Fig. 1: (a), (b) Simulated vortex lattices for two different degrees of random frozen disorder. The horizontal
and vertical scales are normalized with respect to the intervortex spacing a of the ideal vortex lattice. (c) RDF
of the disordered lattices in (a) (red) and (b) (green). (d) n(B) of the ideal hexagonal vortex lattice (black),
and vortex lattices of (a) (red) and (b) (green). Note n(B) is normalized with respect to the peak height of
the ﬁeld distribution of the ideal vortex lattice nmax(B). The density of vortices in all three simulations is the
same.
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Fig. 2: (a) Magnetic ﬁeld distribution of an ideal hexagonal vortex lattice generated from an analytical GL
model [21] for two different sets of the parameters λ and ξ. (b) Magnetic ﬁeld distribution of a simulated
highly disordered lattice with a RDF closely resembling that of BaFe1.81Co0.19As2 [11]. Also shown are
the ﬁeld distributions of (a) convoluted with a Gaussian distribution of ﬁelds corresponding to a Gaussian
relaxation rate σ in the time domain.
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Fig. 1(b), along with that for a perfectly ordered hexagonal lattice, are shown in Fig. 1(d). As expected, line
broadening and smearing of the high-ﬁeld cutoff is enhanced with an increasing degree of random frozen
disorder.
Figure 2(a) shows magnetic ﬁeld distributions of an ideal hexagonal vortex lattice generated from the
analytical GL model. In Fig. 2(b) we show these same ﬁeld distributions convoluted by a broad Gaussian
distribution of ﬁelds compared to a molecular dynamics simulation characterized by a RDF similar to that
reported for the vortex lattice of BaFe1.81Co0.19As2 in Ref. [11] (Note the difference between both the hori-
zontal and vertical scales for Fig. 2(a) and Fig. 2(b)). The standard approach of modeling disorder in single
crystal measurements fails to precisely describe the ﬁeld distribution produced by the molecular dynamics
method. Furthermore, because the degree of disorder is substantial, the large Gaussian broadening means
that very similar line shapes are obtained for very different values of λ and ξ. Because real TF-μSR signals
are limited by counting statistics and contain a background component that requires additional ﬁtting param-
eters, such subtle differences are indistinguishable by analysis. In particular, even small playoff between the
numerous background and sample ﬁtting parameters can absorb such differences in smeared out line shapes.
3. Conclusion
The results presented here show that the degree of disorder in overdoped single crystal BaFe2−xCoxAs2
is high enough to cause large uncertainty in the values of the effective length scales λ and ξ determined from
μSR measurements of the internal magnetic ﬁeld distribution in the vortex state. Because highly disordered
arrangements of vortices have also been reported in other doped iron-arsenic superconductors and how the
degree of disorder evolves with temperature is unknown, at the present time it does not seem possible to
obtain reliable information on λ in these compounds by μSR.
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